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Edited by Miguel De la RosaAbstract PufX organises the photosynthetic reaction centre–
light harvesting complex 1 (RC–LH1) core complex of Rhodob-
acter sphaeroides and facilitates quinol/quinone exchange
between the RC and cytochrome bc1 complexes. The structure
of PufX in organic solvent reveals two hydrophobic helices
ﬂanked by unstructured termini and connected by a helical bend.
The proposed location of basic residues and tryptophans at the
membrane interface orients the C-terminal helix along the mem-
brane normal, with the GXXXG motifs in positions unsuitable as
direct drivers of dimerisation of the RC–LH1 complex. The N-
terminal helix is predicted to extend 40 A˚ along the membrane
interface.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The PufX polypeptide is a component of the reaction centre–
light harvesting 1 (RC–LH1) core complex of the photosyn-
thetic membrane and is required for photosynthetic growth
in purple bacteria such as Rhodobacter sphaeroides and Rb.
capsulatus [1–3]. PufX facilitates quinol/quinone exchange be-
tween the RC and cytochrome bc1 complexes [4–7] and also
plays a key role in dimerisation of the RC–LH1 core complex
[8,9]; in doing so it aﬀects the organisation and morphology of
the bacterial photosynthetic membrane [8,10]. PufX has been
isolated from Rb. sphaeroides and Rb. capsulatus membranes
and it inhibits the formation of LH1 in reconstitution assays
with the LH1 a- and b-polypeptides by interacting with the
a-polypeptide [11]. This is consistent with the location of PufX
between the RC QB site and one of the LH1a polypeptides,
proposed on the basis of the 8.5 A˚ projection map of the di-
meric RC–LH1–PufX complex from Rb. sphaeroides [12].
The C-terminus of PufX from both Rb. sphaeroides and Rb.Abbreviations: Rb, Rhodobacter; RC, reaction centre; LH, light harv-
esting; NOE, nuclear Overhauser eﬀect; HSQC, heteronuclear single
quantum coherence; TOCSY, total correlation spectroscopy; NOESY,
NOE spectroscopy
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doi:10.1016/j.febslet.2006.11.065capsulatus was reported to be processed so that the mature
protein is smaller than that predicted by the gene sequence,
by 12 and 9 residues, respectively [13].
Here, we present the solution structure of PufX from Rb.
sphaeroides in organic solvent and show that LH1a binds the
C-terminus of PufX. We discuss the consequences of the PufX
structure with reference to the dimeric RC–LH1 core complex.2. Materials and methods
2.1. Overexpression of pufX
PufX was ampliﬁed as an NdeI–BglII fragment by PCR (Forward
primer 5 0 CATATGGCTGACAAGACCATCTTCCAAC 3 0 Reverse
primer 5 0 TCTAGATCAGACGAGCTGCTTGATCAGCTC 3 0) and
ligated into NdeI–BamHI cut pET9a (Novagen), thereby removing
the T7-tag and leaving PufX untagged. The pufX gene was overexpres-
sed in Escherichia coli BL21[pLysS] using auto-inducing medium [14],
to which ammonium 15N sulphate (Goss Scientiﬁc Instruments Ltd.)
and glycerol-13C3 (Sigma–Aldrich Company Ltd.) were added. Follow-
ing induction the cells were harvested and the cell pellet resuspended in
20 mM HEPES pH 7.5 and freeze-dried.
2.2. Protein extraction and puriﬁcation
The 15N, 13C-labelled PufX protein was extracted and puriﬁed from
freeze-dried E. coli cells following published methods [11]. Further
puriﬁcation was carried out by HPLC using a C18 reverse-phase col-
umn, using the conditions described [15]. Unlabelled LH1a and
LH1b peptides were puriﬁed as described [16] from membranes of
Rb. sphaeroides strain DD13[pRKEK], which lacks genomic puf and
puc operons and contains plasmid-borne pufBA genes [17]. In both
types of polypeptide extraction Sephadex LH20 was used instead of
LH60.
2.3. NMR studies
Proteins were dissolved in CD3OH/CDCl3 (1:1). NMR spectra for
assignment were acquired on Bruker DRX-800 and 600 spectrometers
at 298 K, and consisted of HNCO, HN(CA)CO, CBCA(CO)NH,
HNCA, and TOCSY–HSQC. A 13C/15N edited NOE spectroscopy
(NOESY) spectrum (mixing time 150 ms) was also acquired. Spectra
were processed and analysed using FELIX (Accelrys Inc., San Diego
CA). Backbone assignment was carried out using Asstools [18]. Side-
chain assignments were carried out manually using NOESY and
TOCSY–HSQC spectra. Dihedral restraints obtained from 13C shifts
using TALOS [19] were only accepted where 9 out of 10 hits predicted
the same dihedrals, and they did not conﬂict with NOEs. 3JHNHa cou-
plings were measured from an HNHA spectrum and used to provide
restraints on u. Couplings in the range 5.5–7.5 Hz were not used as re-
straints. On the rare occasions where HNHA and TALOS restraints
conﬂicted, the HNHA restraints were used in preference. NOE inten-
sities were calibrated into three bins (<5, <3.8 and <2.8 A˚). Amide ex-
change rates were measured by taking a solution in CD3OH/CDCl3
and adding an equal volume of CD3OD/CDCl3. Heteronuclear single
quantum coherence (HSQC) spectra were acquired every 50 min for
the next 24 h. Hydrogen bond restraints were added towards the
end of the calculation, based on the presence of slow amide exchange,blished by Elsevier B.V. All rights reserved.
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change rates slower than 0.01 h1 had restraints of dHO = 1.8–2.5 A˚
and dNO = 2.5–3.5 A˚, while protons with exchange rates between 0.01
and 0.03 h1 had restraints of dHO = 2.5–3.2 A˚ and dNO = 3.2–4.2 A˚.
15N T2 relaxation experiments were carried out with T2 intervals from
15 to 200 ms.
Structure calculations were carried out using CNS1.1 [20], using the
standard protocol. Typically a set of 80 structures was calculated, with
calculations iterated until no further improvements could be made,
after which the lowest energy 37 were used to represent the acceptable
ensemble.3. Results
3.1. Expression and assignment
Heterologous expression of PufX in E. coli using standard
growth conditions gave variable results. For labelled protein,
we therefore used auto-inducing medium [14], which produced
puriﬁed yields of approximately 0.5 mg l1. We note that
expression in E. coli gave full-length protein, without the C-
terminal processing that occurs in Rb. sphaeroides [13]. The
protein gave good quality NMR spectra, and assignment was
fairly straightforward using conventional triple resonance
strategies, the main problem being that slow solvent evapora-
tion during acquisition of the spectra led to changes in peakFig. 1. NMR restraints and structure variability for PufX. From the top, th
study; locations of relevant NOE restraints; amide proton exchange rates, w
amide exchange; the hydrogen bond restraints derived from the exchange d
described in Section 2, shown against the HN residue); 15N T2 data; backbon
derived from HNHA (u restraints, ﬁlled circles) and TALOS (u with open circ
ensemble of the 37 lowest energy structures (u as a solid line, and w as a dapositions. Assignment of the termini required support from
NOESY spectra. The assignments have been deposited with
BioMagResBank (accession number 7320).
3.2. Structure of PufX
The central region of the protein (19–52) is predominantly a-
helical, as shown by the large number of (i, i + 3) and (i, i + 4)
NOEs as well as dihedral restraints (Fig. 1). However, it is
clear that the section between 30 and 35 is distorted from a reg-
ular helix. 15N T2 relaxation data (Fig. 1) show that the termini
are disordered, but that the 30–35 section is almost as well
structured as the rest of the helical region. Amide proton ex-
change data (Fig. 1) demonstrate that residues in this section
exchange faster than the rest of the helical region, but still
slower than observed in the apparently unstructured parts.
Exchange rates for a single helical chain are likely to be dom-
inated by the rate of hydrogen bond opening, implying weaker
hydrogen bonds in the 30–35 section. Taken together, these
results clearly show that the 30–35 section is helical, but bent
and somewhat less rigid.
The NMR structure of a helical protein can be ﬁxed almost
entirely by strong hydrogen bond restraints. We therefore car-
ried out most of the structure calculation without using these
restraints. Structures calculated in this way were helical withe ﬁgure shows: the sequence and numbering of the protein used in this
ith dashed lines indicating the boundaries used for slow and medium
ata (ﬁlled/open circles denote short/long hydrogen bond restraints, as
e dihedral angle restraints (shown as the centre of the allowed range),
les and w with squares); and angular order parameters derived from the
shed line).
Fig. 2. Structure of PufX. The structures are shown with the C-terminal (periplasmic) end at the bottom, in a possible ‘side-on’ orientation, as if
viewed from within the membrane. (a) Ensemble of 10 structures chosen at random from the 37 lowest energy structures, coloured from blue at the
N-terminus to red at the C-terminus. The structures are aligned on residues 19–29. The C-terminal 12 residues are completely disordered and are not
shown for clarity. (b) As (a), but aligned on residues 36–52. (c) Cartoon representation, showing the locations of the tryptophan sidechains (yellow),
the glycines (green), lysines and arginines (blue) and aspartates and glutamates (red). The residues that shift most on addition of LH1a are shown as
wireframe and labelled. Glycines 32, 36 and 40, which encompass two successive GXXXG motifs, are labelled. The red arrow indicates the site of C-
terminal processing [13], and the blue arrow the boundary between proteinase K digestion and resistance in the intact, membrane bound RC–LH1–
PufX complex [27]. A suggested position for the membrane is shown, with the solid lines marking the boundary of the hydrophobic core and the
dashed lines showing the limit of the lipid headgroup region.
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added towards the end of the calculation, using weaker re-
straints for residues with faster amide exchange. The hydrogen
bond restraints improved the precision of the structures, but
had little eﬀect on the overall shape, which remained bent in
the middle, with an interhelical angle of approximately 120.
The interhelical angle is not well deﬁned and is probably var-
iable in solution. The structure is shown in Fig. 2, with struc-
tural statistics in Table 1. Fig. 2c is the minimised average and
the structural ensembles in Fig. 2a and b represent 10 of the 37
lowest energy structures summarised in Table 1. Fig. 1 shows
the angular order parameters, which demonstrate that the ter-
mini are almost unstructured, and that the 30–35 section is al-
most as well ordered as the rest of the helical region. The
structure has been deposited in the PDB, with accession codes
1ITA and 2NRG.
3.3. Titration with LH1 peptides
Labelled PufX was titrated in separate experiments with
unlabelled LH1a and LH1b, the two polypeptides that make
up the light-harvesting ring. Chemical shift changes with
LH1a were much larger, indicating speciﬁc binding in this sol-
vent environment (see Supplementary Table). Most of the res-
idues undergoing large chemical shift changes, notably V51,
M54, R53 and I57, were close to the periplasmic end of the
C-terminal helix (Fig. 2c).4. Discussion
The PufX sequence is hydrophobic from residues 21 to 55, a
stretch of 34 residues (numbered as Fig. 1). This is much longer
than a typical transmembrane helix, leading to the question of
how PufX is arranged in the membrane. The answer appears to
lie in the signiﬁcantly bent structure. The location of hydro-phobic proteins within a membrane bilayer is deﬁned by their
amino acid distribution. In the case of the bacterial reaction
centre, for example, tryptophans typically sit close to the sur-
face of the membrane [21], while basic residues are often found
close to the lipid headgroups, just above the membrane sur-
face, with acidic residues completely outside the headgroup
region [22]. Atomic force microscopy of the Rhodospirillum ru-
brum RC–LH1 complex in a reconstituted lipid environment is
consistent with such a pattern [23], and this study positioned a
modelled complex in a membrane bilayer consisting of a 30 A˚
wide hydrophobic region, with a 6 A˚ headgroup domain on
each side of the membrane. Fig. 2c shows that residues in PufX
can be placed in these positions, if the C-terminal helix is al-
most perpendicular to the membrane plane. The interhelical
angle shown allows the basic amino acids within the N-termi-
nal helix to lie in the lipid headgroup region or just outside it.
The rest of the N-terminal part of PufX is almost unstructured.
The transmembrane helix, speciﬁcally the region spanning
the hydrophobic core of the membrane, lies between Gly30
and Gly52, in approximate agreement with predictions [13].
The exposure of the PufX C-terminus on the periplasmic side
of the membrane is consistent with the observation of post-
translational cleavage [13], the site of which is indicated by
an arrow in Fig. 2c. We note that this observation is at odds
with the use of a C-terminal hexahistidine tag to quantify levels
of the PufX polypeptide [9]. PufX has been shown to interact
with LH1a and to disrupt the in vitro assembly of the light-
harvesting complex [11]. Here, we show that an interaction be-
tween PufX and LH1a is maintained in organic solvent, and
that it is largely centred on the C-terminal end of the trans-
membrane region, consistent with earlier studies [13]. Most
of the residues undergoing large chemical shift changes, nota-
bly V51, M54, R53 and I57, were close to the periplasmic end
of the C-terminal helix (see Supplementary Table and Fig. 2c).
It is not possible to determine whether such interactions,
Table 1
Structural statistics for the 37 lowest energy PufX structures
Structural statistics
Total restraints 1077
NOEs 933
Intraresidue 361
Sequential 257
Medium range (2 6 i 6 4) 309
Long range (i P 5) 6
Dihedral restraints (26 hnha, 58 talos) 84
Hydrogen bonds 30 · 2
RMSDs (A˚)
All backbone atomsa 2.16 (0.39/0.43)
All heavy atomsa 2.82 (0.88/0.99)
From idealised geometry
Bonds 0.0028 ± 0.0002
Angles 0.438 ± 0.016
Impropers 0.296 ± 0.019
Mean number of NOE violations >0.5 A˚ 0.024 ± 0.002
Mean number of dihedral violations >5 0.584 ± 0.074
CNS energies (kcal/mol)
Total 205.4 ± 18.8
Bond 10.5 ± 1.4
Angle 69.8 ± 5.0
Improper 9.2 ± 1.2
VDW 72.2 ± 8.7
NOE 41.9 ± 7.5
Dihedral restraints 1.8 ± 0.4
Procheckb
Favoured regions (%) 84.1/85.0
Additionally allowed regions (%) 12.0/10.0
Generously allowed regions (%) 3.5/5.0
Disallowed regions (%) 0.3/0.0
aRMSD values are for residues 19–52, using ensembles overlaid on 19–
52, and (in brackets) RMSDs from the regions 19–29 and 36–52, using
ensembles overlaid on 19–29 and 36–52, respectively.
bValues are for the central region 15–65 (residues outside this region
are virtually unrestrained), and are, respectively, for the ensemble and
for the minimised average structure.
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RC–LH1–PufX core complex, although previous studies of
membrane proteins, including LH1b from Rb. sphaeroides
[24], have shown that structural integrity is maintained in this
solvent in spite of the protein being removed from its native
environment. We note that smaller chemical shift changes were
also observed with residues within the predicted cytoplasmic
region of PufX. However, in organic solvents (as used here),
interactions between charged solvent-exposed residues are
likely to be over-emphasised.
It has been shown that PufX can bind bacteriochlorophyll
in vitro, with a binding site proposed in the C-terminal region
(residues 60–68) [25]. However, this site lies outside the
membrane bilayer in our model, near to the processing posi-
tion (arrowed in Fig. 2c) between Ala70 and Leu71. An alter-
native proposal for bacteriochlorophyll binding involves two
glycines at either end of the transmembrane segment, Gly30
and Gly52 [26]. Such an arrangement, with bacteriochloro-
phylls located in the lipid headgroup region, also looks unli-
kely based on the proposed position of PufX within the
membrane in Fig. 2c. There are no other obvious binding sites
for bacteriochlorophyll in the transmembrane region of PufX
proposed in Fig. 2c.PufX plays a key role in the assembly and function of the
LH1-RC–PufX complex [2,4–7,27–29]. There is no high resolu-
tion structure of this complex and the best available, an 8.5 A˚
projection map, could not unequivocally assign the position of
PufX. However, a tentative assignment placed PufX inside the
LH ring close to the QB site in the RC [12], a position analo-
gous to that of helix W in the monomeric RC–LH1 complex
from Rhodopseudomonas palustris [30]. Nevertheless, there is
debate over the location of PufX, which has also been pro-
posed to be at the dimer interface [31]. Interactions between
PufX polypeptides are proposed to drive core dimer formation
through interaction of two closely associated transmembrane
helices [26], although these helices would have to be no more
than 10 A˚ apart. In fact, no such spacings are found in the
projection map at the interface between the two halves of the
dimer [12]. It would also be hard to ﬁt the lengthy N-terminal
regions of two adjacent PufX molecules (see Fig. 2) into the
cryo-EM projection map at the dimer interface; a modelling
study is in progress to examine this issue in detail. We note that
the two successive GXXXG motifs within PufX (residues
32–40: glycines are shown in green in Fig. 2c) function in
our structure to permit bending of the helix. Dimerisation of
PufX mediated by the ﬁrst of these motifs requires a tilt in
the transmembrane helix, but cannot be ruled out. However,
the relatively bulky residues following the second of these
motifs hinder the formation of a transmembrane dimer of
PufX via a glycophorin-like dimerisation motif [32].
The proposed location of the PufX transmembrane helix
adjacent to the RC QB site requires an N-terminal region of
at least 40 A˚ reaching towards the dimer interface to promote
dimer formation [12]. The unstructured N-terminus (residues
1–15) revealed by our NMR experiments lies approximately
40 A˚ from the centre of the transmembrane helix in Fig. 2c.
An extended conformation of this N-terminal region is also
possible, which can stretch over an even longer distance. The
solution structure of PufX is therefore compatible with the
N-terminus as the determinant of dimerisation of the RC–
LH1 core complex, a view supported by a mutagenesis study
which demonstrated that N-terminal residues are required
for dimer formation [33].
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